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ABSTRACT

Multichannel adaptive equalization combines the concepts
of spatial diversity and temporal equalization to improve
receiver performance in a line-of-sight communication envi-
ronment. In this paper, we derive the optimal Wiener filter
for conditions common to this environment. We specifically
analyze the effect of a CW interference on this solution and
demonstrate the dependence of receiver performance on the
MAEQ spatial-temporal beampattern.

1. INTRODUCTION

Multichannel adaptive equalization is a technique that
combines the spatial processing of narrowband adaptive
beamforming (ABF) with the temporal processing of sin-
gle channel adaptive equalizers (AEQ) into a single joint
spatial-temporal filter. The multichannel adaptive equal-
izer (MAEQ) is capable of compensating for intersymbol
interference (ISI) induced by both finite bandwidth and dis-
persive communication channels while simultaneously mit-
igating the effects of flat channel fading and/or spatially
correlated interference. It is a potentially important tech-
nique for improving the performance and reliability of line-
of-sight (LOS) digital communication systems.

The MAEQ filter shown in Fig. 1 was origniated by
Monsen [1, 2]. It has demonstrated significant performance
improvements over narrowband ABFs and single channel
AEQs in a variety of operating environments [3, 4, 5, 6, 7,
8, 9, 10, 11]. The structure consists of M antennas each
followed by a two-sided fractionally-spaced equalizer (FSE)
with oversampling factor O, with N; leading and N, lagging
taps, and an N3-tap T-spaced decision feedback equalizer
(DFE). The weights can be determined by any number of
algorithms, many based on minimizing the mean square
error (MMSE).

In this paper, we analyze the steady-state performance
of the MAEQ for simultaneous multipath fading and ad-
ditive interference. These conditions are common to high-
data-rate LOS digital communication systems where the
interference is often unintentional narrowband AM or FM
voice. It will be shown that the MAEQ forms a narrow-
band spatial-temporal notch centered in the direction of
propagation of the interferer and at the interferer frequency
by exploiting the spatial-temporal correlation in the inter-
ferer. The steady-state solution is important because it is
used in an analysis technique in which the dynamic weights
of the MAEQ are decomposed into a Wiener filter term
and a time-varying misadjustment term whose character-
istics depend on the weight update equation. This is an
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Figure 1: Multichannel adaptive equalizer.

established technique which offers insight into the adaptive
process [12] [13].

The rest of this paper is organized as follows. In sec-
tion 2, we define the signal and channel models used in
this paper. Section 3 contains the derivation of the optimal
Wiener weights of the MAEQ. We formulate the second-
order statistics represented in the Wiener solution in a con-
venient matrix format in section 4. In section 5, we derive
an approximate solution to the Wiener weights for the case
of CW interference and no multipath. We show in sec-
tion 6 that this approximation describes the dependence of
the interference cancellation properties of the MAEQ on its
spatial-temporal filter characteristics. These results are im-
portant for determining the number of antennas, the array
geometry, and the number of MAEQ weights (N;, N2, N3)
for optimum performance. Future work will study the ef-
fects of the misadjustment filter and the interference band-
width on the performance of the MAEQ.

2. SIGNAL AND CHANNEL MODELS

In this paper, we assume the signal propagates along L spa-
tially separate channels from a single transmit antenna to
each of M receive antennas. The baseband signal received
at the m'® antenna can be written as

Em(t) = Sor, Bma(8)s(t — @ - P — Aumat)
“.727"fc(°‘l Pm) =127 fcApm, L. (1)

(P, t) + nm(t)

where s(t) = VS, sk Pr{t — kT), and i(pm,t) = i(t —

o 'P_v'n)e‘ﬂ"h(‘f”’:"). pm 1s the coordinate vector of the
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m'" sensor, @) = d/c is the propagation vector of the

I‘h
path where (1 is a unit vector which points in the direction
of propagation and c is the speed of propagation, A, is
multipath delay of the I'" path, B,,,(t) is the fading com-
ponent modeled as a zero mean, complex Gaussian process
with autocorrelation function ¢, (7), fc is the carrier fre-
quency, {sk} is the sequence of transmitted symbols which
are modeled as zero mean with unit variance and statisti-
cally independent, S is the signal power, and Pr(t) is the
combined baseband impulse response of the transmit and
receive filters. i(pm,t) is interference which is considered
to be spatially correlated while n,,(t) is the receiver noise
assumed to be spatially and temporally uncorrelated with
power spectral density o2. In general, i(pm,t) will also
arrive at the receiver via multiple paths, however for nota-
tional simplicity it is expressed as a lump sum in Eq. 1.

The interferer at the input to the equalizers is modeled
as an ideal, bandpass, wide sense stationary process with
power spectral density [13] [7]

0 otherwise

P,-(f):{NB fa-2<f<fa+% 2)

and autocorrelation function
#:(t) = NpBsinc(rBr)e?>™/a7, (3)

where fa is the carrier offset frequency of the interferer. If
we let B — 0 so that NgB — J, we get a CW interference
with autocorrelation function

¢i(r) = Je*m AT, (4)

3. WIENER SOLUTION

The Wiener solution to the MAEQ coefficients is best de-
rived using a matrix formulation. In the following analysis,
we assume ideal symbol decisions and synchronization. De-
fine the equalizer tap coefficient vector of the m*® antenna
as

am (k) am,n; (K)]" (5)

and the baseband signal samples at the taps of the m'"
equalizer to be

Xm(k) =

= [am,—n, (), ..., am,0(k), ...,

[m(KT + NoT/O),s ooy sm(KT), ...
(KT = N,T/O)". (6)

Let ¢; be the length of the filter impulse response Pr(k) in
samples of spacing 57;;. Also, let

1 c—1 1
bt (5150 o= (=2
1 |_Os Ni+ 1, d2 LOS N2+ 1 (™
where |c| denotes the greatest integer less than or equal to
¢, and d = d; +dz + 1. Then x,»(k) can be represented in

terms of its components as

(k) =Y Brma ()T 70 18(k) + im(k) + nm(k)  (8)

where the direct path is represented by path Il =1. T, is
an dx(N1 + N2 + 1) matrix in which each row is a replica of
ﬁp;(%ﬂ.: — P — Am’l)e—ﬂ"fc(lft‘P;z)e".ﬂﬂ'fcﬁm,l time
delayed by O, samples with respect to the previous row
and truncated by the observation window Ny + N 41 [14].
s(k) is the corresponding vector of symbols in which the
d; + 1 element corresponds to d(k), the current symbol to
be decoded. im(k) and n,,(k) are the interference and noise
vectors respectively.

Next, we define the column vectors vec(X(k)) =
T (e X (T and vec(A() = T b))
Letting b(k) represent the feedback coefﬁaent vector and
d(k) = [d(k = 1),...,d(k — N3)] the vector of N3 previ-
ously decoded symbols, we can then write the output of

the MAEQ as
y(k) = w (k)f (k) (9)

where w(j} [vec(A(k))T , bT(&)T and f(k) =
[ec(X(K)T , AT (R).

Using the prlnc1ple of orthogonality, E[(d(k) —
y(k))*f(k)] = 0, with the above expressions, it can be shown

R " vec(A°P*
3 9][H)-[5]

where R=E[vec(X(k))vec(X(k))], Q=E[d(k)vec(X(k))"]
and p=E[d*(k)vec(X(k))]. From Eq. 10, the Wiener solu-
tion to the M parallel FSEs is found to be

vec(AP') = (R—QHQ)_Ip (11)

and the Wiener solution to the decision feedback filter is
found to be
b = —Quec(A). (12)

The minimum mean square error of d(k)—y(k) is then given
by

MMSE =1 — vec” (A°"")p. (13)
Note that the effects of the DFE are implicitly included in

the MMSE through A°P* of Eq. 11. The spatial-temporal
beampattern is found from Eq. 22 of [7].

4. SECOND-ORDER STATISTICS

In this section, we assume that the direct path has no fading
component and that it is incident broadside to the array
(a1 - pm = 0). In addition, we assume synchronization to
the direct path so that we can set A, = 0 without loss
of generality. In this case, let T,1 = T, for all m and we
decompose T, into three components as

E
Ts = [ Qs } (14)
F

where E has d; + 1 rows and Q, has d3 = min(Ns, d2)
nonzero rows [14]. Then Q = 1;,p ® Qs where 11,5 is a
row vector of ones and ® denotes Kroneker product. Then,

let
T, = [ 1;1 ] (15)



ICASSP-95, Detroit MI, May 8-12

and T =1;,m @ Ts. Then
R-QQ=TY/T+D+s214+¥ (16)

where D is a block diagonal matrix whose m‘" block com-
ponent is ZIL=2 Py QTﬁ,,Tm,z, where ® denotes element-
wise product and ®,,,; is the covariance matrix of the Ith
fading process at the m'" antenna [14]. Also, p = 1x, ®p°
where p°® = [PT(%’:I), ...Pr(0), ...,PT(_—gfz-)]T.

¥ is the interference covariance matrix which we can
decompose as

’

i, ¥ .. Tim
¥ = . . . . . (17)

a1 P2 Wa,m
Each block component is Toéplitz where, for the general
broadband interferer,

Wap(i,§) = NpBsinc (7B ((i — ))& — & - (5a — %))
32 Ia(i=D)F; g=s2m(fe+ fa)di(Pa—Fb))
(18)
We can simplify Eq. 17 for the CW interference by defin-
ing im = [ejz"ngslT,...,e_ﬂwmgfq;]Te"ﬂ""“”"’"(f‘:”AX
Then ¥ = Jii¥ where i = [if,if,...,i%]7.

5. CW INTERFERENCE ANALYSIS

In this section, we determine analytically the Wiener solu-
tion of the MAEQ for the CW interferer with no multipath
components (L =1,D = 0).

We first use Eq. 16 in Eq. 11 and use the matrix inver-
sion lemma (MIL) to get

Ji"¥B 'p

opty _ -1 _
vee(A™) =B7'p — T 7R

B~'i (19)
where B = THT + 621. Again invoking MIL we get

-1
B-1 = oi% [I - ;12;"1‘” (Id_da + %TTH) '1‘] (20)
EE¥ EF?
FE¥ FF¥

To continue the analysis we will make some simplifying
assumptions. Let Ny = Nz = N, i.e., we have symetric
two-sided equalizers, and N; = d; = -‘-1—2_—1 so that T, =
E%‘—‘,2N+1‘ In order to analytically invert Eq. 20 we will

where Tva =

make the approximation that EE# ||p”||211§_1, i.e., that

shifted versions of the filter impulse response are mutually
orthogonal. This approximation is very good for symmetric
filter impulse responses with the majority of the temporal
support in a narrow region about the center of the response
as 1s the case for the commonly-used raised cosine pulse.
We then get

1
~1mm ® E¥E (21)

1
Bl |- ——
oh o+ Mlp°|l

We then use this approximation of B! to find the
components of Eq. 19 [14]. Defining the system impulse
response in vector form as h = [Pr(1),..., Pr(c;)]T with

Fourier transform H(eﬂ"fADTT) and

M
p= Z e—I2m(fatfe)diphm (22)
m=1
= Z5/[MS||h|* + 0% + ZZ[M(MS|||* + 07)(2N +1)
el )1 11 (72772 B )P + 1))

(23)
we get, for the m'" equalizer, for —N < n <0,
opt . 1 s * - j2"fA'g'-
dmn = smibpEe3 T 1P VSH' (e % )
)2xf
omizn(fattod g _ SEIHE EODIT | jongsn g
™~ sMihj+02
(24)

and for 1 < n < N we get

opt ., 1 s * x( 327 fA
aln ~ an - P \/SH (e . o7) (25)
e—92m(fatie)@i-fro=i2nfand;
Ll
where we recognize the first component of Eq. 24 and 25 to
be the matched filter term.

We can now use Eq. 12 to find the DFE coefficients.
Define h.(n) as the convolution of the filter impulse re-
sponse with itself. Then let hg = [hc(cr + Os), he(cr +
204), .., he(c + ‘i;lOs)]T and dy = l.oi.-’ Then we can
show that [14]

b~ sErirer han + vllel*S

| (o pensan 1SS A (20)
Finally, the MMSE is determined to be

7% (1 + oI SIH (72 30 )
7% + MS[h|?

MMSE =~ (27)

We note that ||p|[® is the conventional narrowband beam-
pattern of the antenna array evaluated in the direction (;
at frequency fa + f..

6. SIMULATION

In this section, we demonstrate the utility of the previous
analytical results. As a measure of performance we use ex-
cess MMSE (EMMSE) in which we subtract the MMSE ob-
tained at the MAEQ output without interference (set ¥y =0
in Eq 27) from the MMSE resulting with interference. We
simulate a scenario in which the desired signal with cen-
ter frequency f. = 300MHz (A = 1m) and symbol duration
T =1/1.544MHz is incident broadside to a vertical, evenly-
spaced array with four antennas, O, = 2, and N = 30. The
transmit filter is a square-root raised cosine pulse with 30%
excess bandwidth and ¢; = 23. The CW interference has
offset frequency fa = 154.4KHz. SNR = 0dB and SIR
= -20dB. In Fig. 2, we plot the spatial-temporal beam-
pattern of the MAEQ with the interferer at 50° elevation.
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Figure 2: Beampattern for MAEQ with M =4 and N =30
with an interferer at 50° elevation.

Interferer Offset Frequency (KHz)

The approximate Wiener solutions of Eqgs. 24, 25 and 26
were found to agree closely with the simulations and with
the exact, numerically-generated coefficients obtained using
Eqgs. 11 and 12. A narrowband notch is seen to be centered
at the interferer effectively cancelling it both spatially and
spectrally. Figure 3(a) is a plot of EMMSE for various
interference elevation angles versus antenna spacing. We
clearly see the characteristic spatial aliasing problem asso-
ciated with evenly-spaced line arrays. Figure 3(b) is a plot
of EMMSE versus interference elevation angle for .5m (A/2)
spacing and for two equalizer lengths. The effect of finite fil-
ter length on EMMSE is observed. Notice that the regions
where the EMMSE of the N = 3 structure matches that of
the N = 30 correspond to deep nulls in the beampattern.
From Figs. 2 and 3, the relationship between EMMSE and
the spatial-temporal beampattern becomes apparent.

7. CONCLUSION

In this paper, we derived the Wiener solution for a mul-
tichannel adaptive, fractionally-spaced equalizer with de-
cision feedback. We additionally established an approxi-
mation of the Wiener solution for a CW interference and
demonstrated how the filter coefficients and the MMSE are
dependent on the MAEQ spatial-temporal beampattern.
Analysis of the general broadband interferer proceeds simi-
larly to that of the CW interference. Also, work is progress-
ing to use these analytical results to estimate probability of
symbol errors for various array configurations and propaga-
tion environments [14].
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